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Background: Lipocalin-2 (Lcn2) is related to cell proliferation. We studied Lcn2 gene expression during
liver regeneration after partial hepatectomy (PH).
Methods:Male Wistar rats were sacriﬁced before and 2, 4, 6, 12, 24, 72 h, 7 days after 70% or 40% PH. The
remnant liver weight/body weight (RLW/BW) ratio, Lcn2 gene and mRNA expression in the remnant
livers were measured. Hepatocytes and nonparenchymal cells were isolated from the remnant livers.
Expression of Lcn2 related protein was detected by Western blot.
Results: The RLW/BW ratio increased to nearly 90% of the original liver 72 h after PH. Lcn2 gene
expression showed upward curves from 4 to 72 h after PH in both 70% and 40% PH rats and peaked at
12 h (8 times vs 0 h). Lcn2 mRNA expression showed parallel upward curves from 2 to 72 h. The peak was
signiﬁcantly higher in 70% PH rats (27 times vs 0 h) than in 40% PH rats (25 times vs 0 h) 12 h after PH
(p < 0.05). Lcn2 related protein in the isolated liver cells was markedly enhanced 24 h after PH, more in
hepatocytes than in nonparenchymal cells.
Conclusion: The expressions of Lcn2 gene and mRNA, and its related protein increased markedly after PH.
Lcn2 might be important in the genetic regulation of liver regeneration after PH.
 2013 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.1. Introduction
Liver regeneration is a basic mechanism by which the liver re-
sponds to a loss of livermass or liver injury, such as trauma or partial
hepatectomy (PH).1,2 Many molecular and cellular factors are
involved in liver regeneration; these include growth factors, cyto-
kines, liver extracellularmatrix, and hematopoietic stem cells.1,3 The
reproducibility of PH hasmade it a preferred approach for studies of
liver regeneration. In rats and mice, PH triggers a sequence of
regeneration events from the ﬁrst 30 min to 7 days after the pro-
cedure.3 A large number of genes with either new or increased
expression in the regenerating liver can be divided into several
stages, which include early, immediate, late, cell cycle, DNA repli-
cation, and mitosis genes.4 In our previous study of liver regenera-
tion after PH, we showed that the variations in gene expression
could be classiﬁed into 72 different patterns via a mass survey of
gene expression by cDNA microarray.5 We also discovered that the
isolated hepatocytes have a stem cell-like strong proliferation abilityNational Taiwan University
ei, Taiwan. Tel.: þ886 2
6 2 23223870.
ciates Ltd. Published by Elsevier Ltand can repopulate extensively in the host liver after suitable pre-
conditioning treatment of recipients in liver transplantation.6 Liver
regeneration constitutes a conditional cell renewal system that may
proceedunderwell-deﬁned conditions such as PH.Genetic signaling
pathwayswere believed to play an important role in the initiation of
the re-proliferationprocess during liver regeneration7; however, the
detailed genetic mechanism of liver regeneration is still unclear.
Lipocalin-2 (Lcn2), also named SIP24/24p3, is known as NGAL
(neutrophil gelatinase-associated lipocalin) or siderochalin and be-
longs to the lipocalin protein family.8 It is a small glycoprotein of
about 24 kDa that was initially puriﬁed from neutrophil granules
and that is reported to carry various types of small molecules.9 The
formation of matrix metalloproteinase 9 (MMP-9)/Lcn2 complexes
can help to stabilize MMP-9 from autodegradation,10 which in-
dicates a role for Lcn2 in the regulation of apoptosis.11 Lcn2 is known
to function as a transporter of pheromones,which shows its function
in molecule transport.12 Through binding with NO, Lcn2 provides
vasodilatation, microcirculation, angiogenesis, and inhibition of
inﬂammation effects in the host by helping to stabilize NO in saliva
of ticks and by exchanging NO with histamine.13 Some studies also
demonstrated that Lcn2 was involved in the genetic regulation
pathway concerning cell proliferation,9,14 the immune response,15
inﬂammatory reactions,16 and renal regeneration dependent on
cytokines.17 Because apoptosis, the immune response, inﬂammatoryd. All rights reserved.
Table 1
Primer and probe sequences for Q-PCR (all primers are listed 50 to 30).
Primer Sequence Size
GAPDH Forward: 50-CAAGTTCAACGGCACAGTCAA-30 149 base pair
Reverse: 50-TGGTGAAGACGCCAGTAGACTC-30
Probe: 50-TCTTCCAGGAGCGAGATCCCGCTAAC-30
Lcn2 Forward: 50-TTCCGGAGCGATCAGTTCC-30 242 base pair
Reverse: 50-TGACCAGGATGGAGGTGACA-30
Probe: 50-AGGTGGTACGTTGTGGGCCTGGC-30
H.-S. Lai et al. / International Journal of Surgery 11 (2013) 314e318 315
ORIGINAL RESEARCHreactions, and cell proliferation have been proved to be the impor-
tant factors affecting the initiation, differentiation, and termination
of liver regeneration after hepatic injury,18,19 Lcn2 should be
considered as oneof the important genes involved in themechanism
of liver regeneration.
Intriguingly, it has been reported that after treatment with some
carcinogens or reactive oxygen species-producing agents, the
expression level of Lcn2 is up-regulated in the mouse liver.20
However, the role of Lcn2 in liver regeneration is still unclear. The
aim of this study was to investigate the variation in Lcn2 gene
expression during liver regeneration and to determine whether
Lcn2 plays an important role in the genetic regulation of liver
regeneration after PH.
2. Materials and methods
2.1. Experimental protocol
Ninety-six male Wistar rats (purchased from Charles River, Osaka, Japan)
weighing about 200 g were used as subjects. All rats were randomly assigned to two
groups that were subjected to either 70% or 40% PH. Each group of 48 rats was
further divided into eight subgroups (6 each) that were killed either preoperatively
(0 h) or 2, 4, 6, 12, 24, or 72 h or 7 days postoperatively. The remnant livers were
removed immediately for further tests. The ratio of remnant liver weight/body
weight (RLW/BW) was calculated. Cell culture from the remnant liver, including the
isolation of hepatocytes and nonparenchymal cells, was also performed. The design
of this study was approved by the National Taiwan University College of Medicine
and College of Public Health Institutional Animal Care and Use Committee
(No. 20060181).
2.2. Surgical procedures
All rats were anesthetized by an intraperitoneal pentobarbital (10 mg/kg) in-
jection. PH was performed through a midline laparotomy by aseptically extirpating
themedian lobe (40%) or by including the left lateral lobe, accounting for around 70%
of the liver, according to the procedure of Higgins and Anderson.21 A sham operation
(SO) with laparotomy and manipulation was used in the control group for isolated
cell study. The removed liver sample was immediately weighed. All operations were
performed between 08:00 and 11:00 to reduce the inﬂuence of diurnal variation.
2.3. Preparation of total RNA
Total RNAwas extracted by use of Trizol reagent (Invitrogen, Carlsbad, CA, USA),
followed by the RNeasy Mini Kit (Qiagen, Hilden, Germany). The isolated RNA was
quantiﬁed at an optical density of 260 nm and qualitated by Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Human reference RNA pooled from 9 cell lines
(Stratagene, La Jolla, CA, USA) was used as a reference in the cDNA microarray
comparison. Through comparison with the reference, variations in gene expression
across the samples with different clinical backgrounds could be inferred from the
observed variation in the normalized Cy-3/Cy-5 ratios.
2.4. Microarray system
The Agilent human 1 cDNAmicroarray (Agilent Technologies) containing 20,500
spots was used. Fifteen micrograms of puriﬁed total RNA was converted to cDNA by
using a 3DNATM Array 50 Expression Array Detection Kit (Genisphere, Hatﬁeld, PA,
USA). Tumor RNA was labeled by Cy3, and RNA from Universal Human Reference
RNA was labeled by Cy5. Correspondingly, synthesized cDNA products were com-
bined and concentrated by ethanol precipitation and suspended in hybridization
buffer. The labeled cDNA was then hybridized to the Agilent human 1 cDNA
microarray (Agilent Technologies) at 65 C for 17 h. After hybridization, the slides
were washed with 0.5X SSC/0.01% SDS at room temperature for 5 min and thenwith
0.06X SSC at room temperature for 2 min. The washed microarrays were then hy-
bridized with Cy3 and Cy5 dendrimers in formamide-based buffer at 53 C for 3 h.
After hybridizationwith dendrimers, the slides were washed with 2X SSC/0.01% SDS
at 42 C for 15 min, 2X SSC at room temperature for 10 min, and 0.2X SSC at room
temperature for 10 min.
2.5. Scanning and acquisition of image data
Thewashedmicroarrays were scannedwith a Virtek ﬂuorescence reader (Virtek,
Waterloo, Ontario, Canada) at wavelengths of 532 nm and 635 nm for the Cy3 and
Cy5 channels, respectively. The scanned images were analyzed by use of Array-Pro
image acquisition software (Media Cybernetics, Silver Spring, MD, USA), in which
an image analysis algorithm is used to quantify signal and background intensity for
each target spot (gene). The mean intensity of the spot area was computed as themicroarray raw data. A gene expression proﬁle was established from the microarray
raw data by use of a supervised learning algorithm according to the presence or
absence of VI. For each microarray chip, the expression level of each gene, including
the selected Lcn2 gene, was deﬁned as the log ratio (base 2) of the spot expression
value of the tumor sample (Cy3) to that of common reference (Cy5). Before selecting
the Lcn2 gene, we processed the original microarray raw data to avoid systematic
errors within each sample and inconsistency between samples.
2.6. Real-time quantitative reverse transcription-polymerase chain reaction
To conﬁrm the results of the changes in Lcn2 gene expression shown on the cDNA
microarray, real-time quantitative reverse transcription-polymerase chain reaction
(Q-PCR) was performed. The Q-PCR was carried out on a PRISM 7900HT Sequence
Detection System from Applied Biosystems (Foster City, CA) with TaqMan Universal
PCR master mix (Applied Biosystems, Branchburg, NJ) and TaqMan probe (FAM dye-
labeled) according to the manufacturer’s protocol. Gene-speciﬁc primers and probes
were used (Table 1). Cycling conditions were a 2-min incubation at 50 C, a
10-min incubation at 95 C, followed by 40 cycles of a 15-s incubation at 95 C and
then a1-min incubation at 60 C. Forquantiﬁcation, the target genewasnormalized to
the internal standard gene GAPDH. Primers and probes for Q-PCR were designed by
using Beacon Designer2 software (PREMIER Biosoft International, Palo Alto, CA). The
ampliﬁcation conditions for Lcn2were as follows: 3min at 94 C followed by 30 cycles
of 94 C, 60 C, and 72 C at 30 s each to allow cDNA ampliﬁcation in the linear range.
2.7. Cell isolation and culture
Hepatocytes were isolated via collagenase perfusion from the remnant liver at
24 h after 70% PH or SO. Isolated hepatocytes with viability above 80% as measured
by the trypan blue stain were maintained in DMEM (Gibco-BRL; Gaithersburg, MD)
containing 10% FBS, 2 mM L-glutamine, 100 U of penicillin G per ml, and 100 U of
streptomycin per ml at 37 C in a CO2 incubator (95% air, 5% CO2).
2.8. Western blotting
The hepatocyte lysates were centrifuged at 14,500  g for 10 min at 4 C. The
protein concentration then was measured by using a Bio-Rad protein assay (Her-
cules, CA, USA). A 50-mg protein sample was separated by SDS-PAGE, transferred
onto a polyvinylidene diﬂuoride membrane, and immunoblotted with various
antibodies.
2.9. Expression of Lcn2 related protein in hepatocytes and nonparenchymal cells
Isolated cells (including hepatocytes and nonparenchymal cells) were centri-
fuged at different g force (as followed descriptions) to harvest three populations of
cells: pellet 1 (P1), hepatocytes, 50  g; pellet 2 (P2), Kupffer cells, 350  g; and
pellet 3 (P3), neutrophils, 1800  g. mRNAwas extracted from the cells and used for
reverse-transcription polymerase chain reaction. Lcn2 primers were used to
perform PCR; GAPDH was used as an internal control.
2.10. Statistical analysis
The data from the microarray images were analyzed by using the software
package S-Plus 6.1 (Venables, 2002). Pearson’s productemoment correlation coef-
ﬁcient R and corresponding p values were used to examine the correlation between
the 70% and 40% PH data and between the cDNA microarray and Q-PCR data. Stu-
dent’s t-test was used to analyze the differences in the proliferation rate of isolated
hepatocytes between the groups. The level of signiﬁcance was set at p <0.05.
3. Results
3.1. Ratio of remnant liver weight to body weight
All rats survived the PH and lived well during the experimental
period until the time theywere killed. Changes in the RLW/BWratio
are shown in Fig. 1. The preoperative ratio was around 4.310.29%.
Fig. 1. Changes in the remnant liver weight/body weight (RLW/BW) ratio before and
after 70% vs 40% partial hepatectomy (PH).
Fig. 3. Changing curves of Lcn2 mRNA expression detected by quantitative polymerase
chain reaction (Q-PCR) before and after 70% vs 40% partial hepatectomy (PH).
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after 70% or 40% PH, respectively. It increased markedly to double
(2.77  0.29%) at 48 h and to near 90% (3.73  0.35%) of the pre-
operative ratio at 72 h after 70% PH. The curve after 40% PH had a
more gradual rise but also reached 3.76  0.36% at 72 h.
3.2. Changes in Lcn2 gene expression
The changes in Lcn2 gene expression in the remnant liver
detected by cDNA microarray are shown in Fig. 2. The changes in
gene expression were similar between the 70% PH and 40% PH
groups. Expression increased markedly up to 4 h; peaked at 12 h
and 24 h in the 40% and 70% PH groups, respectively; persisted to
72 h; and then recovered at 7 days after 70% PH. The heights of the
peaks were about the same, approximately 8 times the preopera-
tive level.
3.3. Changes in Lcn2 mRNA expression
The changes in Lcn2 mRNA expression in the remnant liver
detected by Q-PCR are shown in Fig. 3. The changes in mRNA
expression were parallel between the 70% PH and 40% PH groups
except that a signiﬁcantly higher peak was identiﬁed in the 70% PH
rats at 12 h. The increases in Lcn2 mRNA expression in both groupsFig. 2. Changing curves of Lcn2 gene expression detected by microarray before and
after 70% vs 40% partial hepatectomy (PH).began at 2 h, reached a peak at 12 h, persisted until 72 h, and then
decreased gradually at 7 d after PH. The signiﬁcantly higher peak in
the 70% PH rats at 12 h was around 27 times the value at 0 h,
comparedwith a peak of around 25 times the value at 0 h in the 40%
PH rats (p < 0.05).
3.4. Expression of Lcn2 related protein in isolated hepatocytes and
nonparenchymal cells
The isolated liver cells 24 h after PH and SO were grouped into
three different populations as shown in Fig. 4. Pellet 1 (P1) was the
population of hepatocytes, whereas pellets 2 and 3 represented the
population of nonparenchymal cells, which are inﬂammation-
related cells, including Kupffer cells (P2) and neutrophils (P3).
Lcn2 related proteinwas barely expressed in cells without PH (lanes
1, 2, and 3 in SO groups). Nevertheless, it was markedly enhanced in
hepatocytes (lane 4) and nonparenchymal cells (lanes 5, 6) at 24 h
after PH.
4. Discussion
Regeneration of the remnant liver after PH is well docu-
mented.1e3 The process of restoration of liver volume is initiated by
the replication of various types of intrahepatic cells, followed by an
increase in cell size. Normally, hepatocytes are in the quiescent G0
phase. After liver resection, the remaining hepatocytes enter the G1
phase. Cytokines derived predominantly from Kupffer cells prime
the hepatocytes, and tumor necrosis factor a (TNF-a) and, subse-
quently, interleukin-6 (IL-6) are released, contributing to the initi-
ation of the cell cycle.22 Hepatocellular apoptosis,23,24 immune
reactions,25,26 the inﬂammatory response,27 growth factors,28 andFig. 4. Expression of Lcn2 related protein detected by Western blot in the isolated cells
(P1, hepatocytes; P2, Kupffer cells; P3: neutrophils) from the remnant liver after partial
hepatectomy (PH) or sham operation (SO).
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proliferation and liver regeneration after PH. Caspase activation and
apoptosis were reported to be associated with spontaneous re-
covery from acute liver failure.23 It was also demonstrated that the
parasympathetic system contributes to liver regeneration after PH
by stimulating IL-6 release from Kupffer cells followed by STAT3
activation in hepatocytes.25 Attenuation of the inﬂammatory
response, including TNF-alpha, IL-6 mRNA, and IL-1b, could affect
liver regeneration after PH.27 Hepatocyte growth factor, vascular
endothelial growth factor (VEGF), and insulin-like growth factor
have been shown to contribute to hepatocyte proliferation.28 Dur-
ing liver regeneration, factors involved in angiogenesis have also
been shown to be critical; these include VEGF as well as vascular
endothelial cells.29 The regulation of genes associated with intra-
cellular signaling cascades is highly suspected to be involved in the
mechanism of liver regeneration.30
The ratio of remnant liver weight to body weight increased to
near 90% of the original liver weight at 72 h after PH. As shown by
the BrdU proliferation ELISA assay, proliferation of the isolated
hepatocytes was markedly induced by PH on day 3 and day 4. The
proliferation was even greater in the EGF treatment group. This
result demonstrated that PH is a precondition for liver
regeneration.
Lcn2 has been proved to have a role in regulating apoptosis
through the formation of MMP-9/Lcn2 complexes.11 Lcn2 can
control the expression of SDF-1, which is correlated with an
increased number of responsive cells (CD34þ/CXCR4þ), and plays
an important role in the bone marrow microenvironment.15 Lcn2
can have pro-inﬂammatory effects in response to bacterial enter-
bactin.27 Vinuesa et al. reported that the induction of renal regen-
eration by Lcn2 is dependent on inﬂammatory cytokines.17 It has
also been proved that Lcn2 is involved in cell proliferation.14
However, the role of Lcn2 in liver regeneration has rarely been
reported.
It has been shown that the mRNA and protein expression of
24P3, which is closely related in sequence to Lcn2, is up-regulated
12 h after injection with turpentine or dexamethasone in mice.31
Consistently, in this study, we found that Lcn2 gene and mRNA
expression were dramatically increased in the remnant liver after
PH. The results of the cDNA microarray illustrated that Lcn2 gene
expression increased in parallel in both the 70% and 40% PH groups.
The peak at 12e24 h after PHwas up to 8 times the value at 0 h. The
results of the Q-PCR illustrated a peak of Lcn2 mRNA expression at
around 27 times (vs 0 h) at 12 h after 70% PH, which was
signiﬁcantly higher than that after 40% PH (around 25 times vs
0 h). It is likely that the intensity of liver damage in the 70% PH
rats was a stronger preconditioning factor than 40% PH for the
initiation of liver regeneration. Furthermore, the expression of
Lcn2 mRNA was markedly enhanced in the isolated hepatocytes
and nonparenchymal cells, Kupffer cells, and neutrophils from the
remnant liver after 70% PH. Replication of hepatocytes is reported
to generally start earlier than that of nonparenchymal cells after a
major liver resection.22 The results from our study elucidated that
hepatocytes themselves could contribute to the up-regulation of
Lcn2 after PH. Also, we showed that the Lcn2 mRNA expression in
parenchymal cells was higher than that in nonparenchymal cells.
Although the onset, the peak, and the degree of replication might
differ between hepatocytes and nonparenchymal cells, the results
of this study suggest that Lcn2 contributes to up-regulating cell
proliferation during liver regeneration after PH.
Prior studies implicated two main functional roles for Lcn2, iron
sequestration and apoptosis induction.32 All of its functions rely on
the ability to transport iron in and out of cells. Lcn2 also helps to
regulate apoptosis,11 immune reactions,15 the inﬂammatory
response,16 and tissue differentiation.33 Our results suggest thatthere might be a novel function of Lcn2 to contribute to hepatocyte
proliferation and liver regeneration. Although there is no evidence
that Lcn2 directly stimulates hepatocyte proliferation, we have
proved that the proliferation rates of hepatocytes in which Lcn2
was highly expressed (Fig. 4, PH group, P1) were dramatically
increased and were greater than those in normal hepatocytes
(Fig. 4, SO group, P1) after PH4. Nevertheless, the pathway bywhich
Lcn2 stimulates the proliferation of hepatocytes remains to be
investigated.5. Conclusions
The expression of the Lcn2 gene and its mRNA increased
markedly in the early stage after 70% and 40% PH. Lcn2 mRNA
expression increased to a signiﬁcantly higher peak in 70% PH rats
than in 40% PH rats at 12 h after PH. The enhancement of Lcn2
related protein detected by Western blot was more marked in he-
patocytes than in nonparenchymal cells. Lcn2 might exist and
important correlation in the genetic regulation of liver regeneration
after PH.
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